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For investigating in-field process of melting and solidification visually and quantitatively, in-situ 
observation system with differential thermal analysis (DTA) utilized in high temperature and in high 
magnetic field was developed. Decomposition processes of the bulk sample of ferromagnetic MnBi 
were directly observed with collecting DTA data under high magnetic field of 10 T for the 290-770 K 
temperature range. When the temperature was over decomposition point (ferromagnetic MnBi  
paramagnetic Mn1.08Bi + liquid), liquid phase appeared on the sample surface. Furthermore, when the 
temperature was over peritectic temperature (~ 700 K: paramagnetic Mn1.08Bi  Mn + liquid), the 
sample surface was broken and a large quantity of the liquid phase appeared from the sample. The in-
situ observation also suggested that the decomposition temperature increased from 620 K for a zero 
field to 638 K for a magnetic field of 10 T. 
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1 Introduction 
High magnetic field influences the synthesizing process of nonmagnetic as well as magnetic 
materials [1]. The heat treatment in magnetic fields for various materials, such as steels [2-4], 
permanent magnets [5,6], ferromagnetic MnBi [7-10], high-Tc superconductors [11], etc. have been 
carried out so far. In order to understand these magnetic field effects, in-situ observation in magnetic 
fields is one of the important techniques. The melting or solidifications behavior of diamagnetic 
materials were directly observed under the magnetic levitation [12]. Hirota et al. reported in-situ 
microstructural observations of magnetic field effect on the growth of silver dendrites at room 
temperature [13]. 
  On the other hand, thermal analysis is known as a suitable tool for investigation of the phase 
transitions. Differential thermal analysis (DTA) is the simplest techniques of the thermal analyses. In 
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order to understand the magnetic field effect on the material processing, DTA system under high 
magnetic field have been developed [11,14,15]. Magnetic field effects for the composition and 
decomposition of the magnetic materials [8,9,11,14] and crystallization of the ferromagnetic 
amorphous [16] have been investigated by in-field DTA experiments.  
Recently, we reported that the phase equilibrium of Bi-Mn system is drastically changed by 
magnetic fields [9,17]. The decomposition temperatures of ferromagnetic MnBi are largely influenced 
by magnetic fields, and the peritectic temperature Tp1 (ferromagnetic MnBi  paramagnetic Mn1.08Bi 
+ liquid) increased in the rate of 2 K/T in fields up to 15 T [8]. Furthermore, it was found that the 
peritectic temperature Tp2 (paramagnetic Mn1.08Bi  Mn + liquid) also increased above 40 T [8]. The 
combine of the in-situ observation and DTA will be one of the useful tools to investigate the magnetic 
field effect on the melting, solidification, decomposition, etc. process of materials, such as that on 
MnBi. 
   In this study, in-situ observation system combining with DTA apparatus (ISO-DTA) was 
developed, which could be used in high temperature and high magnetic fields. The decomposition 
behavior of ferromagnetic MnBi in a high magnetic field of 10 T was observed at the temperature T 
over 638 K. 
2 Detail of system 
Figure 1 shows the schematic illustration of the sample holder of in-situ observation system 
combining with DTA apparatus (ISO-DTA) (a) and the schematic diagram of main components of the 
system with a cryocooled superconducting magnet (CSM) (b). As shown in Fig. 1(a), a ferromagnetic 
bulk sample was inserted into the inner quartz-tube with φ6 mm (sample holder) and fixed by quartz 
wool in order to prevent the sample moving in the magnetic field. The sample temperature was 
measured by a sheathed-type Pt-PtRh thermocouples, which indicates “Line 2” in Fig. 1. The sample 
was placed on the point of the thermocouples. For collecting the DTA data, another Pt-PtRh 
thermocouple “Line 3” was inserted outside the sample holder as a reference sensor. The sample 
holder and the reference sensor are in the outer quartz-tube with φ10 mm. The DTA signal is 
 
 
Figure 1: Schematic illustration of the sample holder with CCD camera, Glass heater and DTA sensors 
(ISO-DTA) (a) and schematic diagram of the ISO-DTA system with a superconducting magnet (b). 
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collecting by PC via a zero point iced-water and Nano-voltmeters (Keithley 2182A), and the 
numerical data of DTA are saved in PC. 
The sample was heated by a transparent glass-heater (BLAST Ltd.). For suppressing the radiation 
heat to the superconducting magnet, the water-cooling jacket was set around the heater. The sample 
was observed by a miniature CCD camera (ARS. Co., LTD) via a triangle prism, which was placed 
outside the grass-heater and water-cooled jacket. The diameter of the CCD camera is 7 mm and the 
camera has a 0.38 megapixel. The image (Line 1) from the CCD camera is observed on the display 
with the DTA curve, sample temperature and value of the magnetic field. The sample image, DTA 
curve, sample temperature and magnetic field are also saved in a HD/DVD recorder as an image data 
(HD video movie). 
The diameter of ISO-DTA (Fig. 1 (a)) is 96 mm. As shown in Fig. 1(b), ISO-DTA with the sample 
holder was inserted to the 10 T-CSM with 100 mm room temperature bore. In order to lighten the 
sample space, the apparatus was covered with an EL-luminous sheet. In order to prevent the sample 
from oxidation,we performed the ISO-DTA under a vacuum (~10 Pa). The sample and the reference 
sensor were heated at 5-10 K/min for T ≤ 773 K. 
3 Experimental results and discussion 
3.1 Thermal properties of the glass-heater 
Figure 2 (a) shows the temperature distribution in the glass-heater at the sample temperature Ts of 
~ 773 K. As shown in inset of Fig.2, the temperature difference between 40 and 45 mm was 10 K, 
which was minimum gradient in the glass-heater. When the size of the sample is less than 5 mm, the 
inhomogeneity of the sample temperature will be within ± 5 K. Figure 2 (b) shows the temperature 
stability of the sample. The sample temperature was held at T ~ 531 K. It was found that the sample 
temperature was able to control within 2 K over 20 h. The result indicated that the glass-heater would 
be good tool for observing the composition and decomposition process during isothermal heat 
treatments. 
Radiation heats for CSM during the heating process were investigated. Figure 3 shows the 
temperature on the outside of the water-cooled jacket of ISO-DTA vs. the sample temperature T. 
 
 
Figure 2: Temperature distribution in the glass-heater along the direction of the cylindrical axis (a) and 
temperature stability of the sample for sample temperature of ~ 538 K (b). 
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When the sample temperature T was 720 K, the temperature on the outside of ISO-DTA TO was 312 K. 
This result shows that ISO-DTA can be utilized in the 100 mm room temperature bore of CSM. 
 
3.2 Melting behavior of Sn in a zero field 
The in-situ observation for melting behavior of pure Sn was carried out in a zero field for 
examining the ability of the system. Three granular samples (5-8 mm) of Sn (99.99%) were used for 
the experiments. Figure 4 shows the DTA curves for the Sn samples. Figure 5 shows the photos of the 
sample form at 297 K (a), 511 K (b), 521 K (c) and 530 K (d). Here, these photos were deduced from 
the video movie taken with DTA data. At 297 K, three granular samples were touched each other. As 
shown in Fig. 4, DTA curve shows clearly an endothermic peak, and the melting point was determined 
to 506 K. This value is almost consistent with the melting temperature of Sn (505 K). As seen in Fig. 5 
(b), the sample was not clearly observed like liquid but the form slightly changed at 511 K. When the 
sample temperature was 530 K (Fig. 5 (c)), three granular samples melted and became to be one long 
formed sample with liquid phase. For T ≥ 530 K, no drastic change of the long formed sample with 
liquid phase was observed, as shown in Fig. 5 (d). That is, the system can investigate the melting point 
and the form change in the sample clearly.  
   
 
 
Figure 4: DTA curve of three granular Sn that are shown in Fig. 5. The DTA curve was measured 
during taking video movie of samples as shown in Fig. 5. The vertical arrow indicates the determined 
melting point of Sn. 
 
 
Figure 3: Temperature on the outside of the water-cooled jacket of ISO-DTA TO vs. the sample temperature T. 
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3.3 Decomposition behavior of ferromagnetic MnBi in magnetic fields 
  The sample preparation and the characterization of polycrystalline MnBi are described in the 
previous papers [8,9]. By X-ray diffraction measurements at room temperature, the obtained ingot 
sample was confirmed to be MnBi with a small amount of Bi. The ingot was divided into small 
samples of size ~ 5x2x2 mm3. These small samples were used for ISO-DTA experiments under a zero 
and high magnetic fields. 
Figure 6 shows the DTA curves for a zero field and a magnetic field of 10 T. For a zero field, two 
endothermic peaks were observed: TE ~ 530 K (the eutectic temperature) and Tp1 ~ 620 K. When a 
magnetic field of 10 T was applied, Tp1 rose 18 K and reached ~ 638 K, whereas TE was independent 
 
Figure 6: DTA curves of MnBi in a zero field and in 10 T. The vertical arrows indicated the decomposition 
temperatures TE, Tp1 and Tp2. The broken lines are given as a visual guide. The DTA curve was measured 
during taking video movie of samples as shown in Figs. 7 and 8. 
 
 
Figure 5: Photos of three granular Sn at 297 K (a), 511 K (b), 530 K (c) and 573 K (d). These photos were 
deduced from the video movie taken during DTA as shown in Fig. 4. 
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of the magnetic field. This magnetic field effect on Tp1 was consistent with the previous study [8]. 
However, the obtained TE and Tp1 was about 10 K lower than previous reports [8,9], because we 
performed the experiments on the bulk sample (~5x2x2 mm3) using the glass-heater having the 
temperature inhomogeneity of ±5 K. 
Figure 7 shows the photos of the MnBi sample at 297 K (a), 544 K (b), 638 K (c) and 665 K (d) in 
a zero field. At 297 K, small drops (< 0.2 mm) of metallic luster were observed, which is due to a 
small amount of Bi phase in the MnBi matrix. When the temperature was over TE (~ 530 K), new 
drops of metallic luster appeared on the sample surface, which was due to the decomposition from 
MnBi to MnBi + Bi-rich liquid and the melt of a small amount of Bi in the sample. Furthermore, when 
the temperature was over Tp1 (~ 620 K), additional liquid phase appeared on the sample surface and 
became large in its quantity with increasing temperature. This phenomenon is due to the 
decomposition from MnBi to Mn1.08Bi + liquid. According to the Bi-Mn phase diagram [17, 18], the 
liquid phase area appears at 535 K and it increases with increasing temperature. The morphological 
results as show in Fig. 6 are consistent with the phase diagram. 
Figure 8 the photos of the MnBi sample at 297 K (a), 515 K (b), 544 K (c), 620 K (d), 638 K (e) 
and 716 K (f) in a magnetic field of 10 T. Reflected light was also illuminated behind the sample, 
because the experiment was performed in the lighted bore of CSM. As shown in Fig. 1 (a) and (b), no 
drastic change of the sample surface was observed in temperatures up to TE. When temperature was 
over TE, new drops of metallic luster appeared on the sample surface like photos for a zero magnetic 
field. However, no appearance of the additional liquid phase due to the decomposition from MnBi to 
Mn1.08Bi + liquid was seen even in 620-630 K, suggesting that Tp1 increases by applying the magnetic 
field of 10 T. As indicating by an arrow in Fig. 8 (e), when the temperature was over ~ 638 K, 
additional liquid phase appeared on the sample surface. As indicating by an arrow in Fig. 8 (f), 
furthermore, when the temperature was over Tp2 (~ 700 K), drastic change of the sample surface was 
observed. The sample surface was broken and a large quantity of the liquid phase appeared from the 
sample. Tp2 is peritectic temperature (paramagnetic Mn1.08Bi  Mn + liquid). Therefore, observed 
 
 
Figure 7: Photos of the MnBi sample at 297 K (a), 544 K (b), 638 K (c) and 665 K (d) in a zero magnetic 
field. These photos were deduced from the video movie taken during DTA, as shown in Fig. 6. 
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phenomenon at 716 K was originated from decomposition from Mn1.08Bi to Mn + liquid phase. The 
morphological results as show in Fig. 8 are consistent with the phase diagram of Bi-Mn under high 
magnetic fields [9,17]. 
In this work, we developed the in-situ observation system combining with the differential thermal 
analysis apparatus (ISO-DTA). As presented in this paper, the developed ISO-DTA can be utilized for 
ferromagnetic materials even in high magnetic fields and provide us interested information about the 
magnetic field effect on its decomposition process. Our results also suggest that ISO-DTA experiment 
becomes one of the important techniques for understanding synthesizing process such as melting, 
solidification, composition, decomposition, etc. of materials under high magnetic fields. Now, ISO-
DTA system is improved by means of modifying the lighting condition in order to observe the sample 
more clearly under high magnetic fields. The results will be published in elsewhere in the near future.   
4 Summary 
The in-situ observation system with differential thermal analysis apparatus (ISO-DTA) utilized 
under high magnetic fields was developed. The ISO-DTA experiments for ferromagnetic MnBi bulk 
samples were carried out in the temperature range from room temperature to 770 K and the magnetic 
fields up to 10 T. When temperature was over Tp1 (ferromagnetic MnBi  paramagnetic Mn1.08Bi + 
liquid), the liquid phase appeared on the sample surface and became large in its quantity with 
increasing temperature. When temperature was over Tp2 (~ 700 K: paramagnetic Mn1.08Bi  Mn + 
liquid), the sample surface was broken and a large quantity of the liquid phase appeared from the 
sample. Obtained results suggest that ISO-DTA experiment becomes one of the important techniques 
for understanding synthesizing process of materials under high magnetic fields. 
 
 
Figure 8: Photos of the MnBi sample at 297 K (a), 515 K (b), 544 K (c), 620 K (d), 638 K (e) and 716 K 
(f) in a magnetic field of 10 T. These photos were deduced from the video movie taken during DTA in 10 
T, as shown in Fig. 6.
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